We report the observation of a zero-differential resistance state (ZDRS) in response to a direct current above a threshold value I > I th applied to a two-dimensional system of electrons at low temperatures in a strong magnetic field. Entry into the ZDRS, which is not observable above several Kelvins, is accompanied by a sharp dip in the differential resistance. Additional analysis reveals an instability of the electrons for I > I th and an inhomogeneous, nonstationary pattern of the electric current. We suggest that the dominant mechanism leading to the new electron state is a redistribution of electrons in energy space induced by the direct current. DOI: 10.1103/PhysRevLett.99.116801 PACS numbers: 73.43.Qt, 71.70.Di, 73.43.Jn, 73.63.Hs The nonlinear properties of highly mobile electrons in two-dimensional AlGaAs=GaAs heterojunctions have attracted considerable recent attention. Strong oscillations of the longitudinal resistance induced by microwave radiation have been found at magnetic fields satisfying the condition ! n! c , where ! is the microwave frequency, ! c is the cyclotron frequency, and n 1; 2; . . . [1, 2] . At high levels of microwave excitation the minima of the oscillations can reach a value close to zero [3] [4] [5] [6] . This so-called zero resistance state (ZRS) has stimulated extensive theoretical interest [7] [8] [9] [10] [11] [12] . At higher magnetic fields, ! c > !, a strong decrease in the resistance with increasing microwave power [2, 5, 6, 13] has been attributed to intra-Landaulevel transitions [14] .
The nonlinear properties of highly mobile electrons in two-dimensional AlGaAs=GaAs heterojunctions have attracted considerable recent attention. Strong oscillations of the longitudinal resistance induced by microwave radiation have been found at magnetic fields satisfying the condition ! n! c , where ! is the microwave frequency, ! c is the cyclotron frequency, and n 1; 2; . . . [1, 2] . At high levels of microwave excitation the minima of the oscillations can reach a value close to zero [3] [4] [5] [6] . This so-called zero resistance state (ZRS) has stimulated extensive theoretical interest [7] [8] [9] [10] [11] [12] . At higher magnetic fields, ! c > !, a strong decrease in the resistance with increasing microwave power [2, 5, 6, 13] has been attributed to intra-Landaulevel transitions [14] .
Interesting nonlinear phenomena have also been found in response to dc electric field [15] [16] [17] [18] . Oscillations of the longitudinal resistance, periodic in inverse magnetic field, have been observed at relatively high dc bias satisfying the condition n@! c 2R c E H ; here R c is the cyclotron radius of electrons at the Fermi level and E H is the Hall electric field induced by the dc bias in the magnetic field. This effect has been attributed to ''horizontal'' Landau-Zener tunneling between Landau levels, tilted by the Hall electric field E H [15] . Another notable nonlinear effect is a strong reduction in the longitudinal resistance by considerably smaller dc electric field [16 -18] . This effect has been attributed [17] to changes in the electron distribution function induced by the dc electric field E dc . Reasonable agreement has recently been established between the experiment and theory [12] .
These findings [12, 17] suggest that the nonlinearity is strongly enhanced at low temperature due to a reduction in the electron-electron scattering needed to equilibrate the distribution function. In this Letter we investigate the following question: what will happen at low temperatures when the nonlinearity is strong and the resistance drops very rapidly with electric field? We find that at low temperatures and at dc bias I dc above a threshold value I th the differential resistance of the 2D electrons stabilizes suddenly near the value zero. In other words, for I dc > I th the longitudinal dc voltage V xx becomes independent of the dc bias. This is accompanied by a sharp dip in the differential resistance at the threshold bias. At higher bias, I dc > I th , temporal fluctuations of the differential resistance around the value zero are observed at low temperatures. The differential resistance is found to be positive again at very high bias where inter-Landau level transitions become important [15] [16] [17] [18] [19] . Our experiments thus demonstrate that in the presence of an electric field and strong magnetic field, the 2D system of electrons undergoes a transition to a quasistationary state with zero-differential resistance.
Our samples are cleaved from a wafer of a high-mobility GaAs quantum well grown by molecular beam epitaxy on semi-insulating (001) GaAs substrates. The width of the GaAs quantum well is 13 nm. Three samples (N1, N2, N3) are studied with electron density n 1 8:2 10 15 m ÿ2 , n 2 8:4 10 15 m ÿ2 , n 3 8:1 10 15 m ÿ2 , and mobility 1 85 m 2 =V s, 2 70 m 2 =V s, and 3 82 m 2 =V s at T 2 K. Measurements are carried out between T 0:3 K and T 20 K in magnetic field up to 1 T on d 50 m wide Hall bars with a distance of 250 m between potential contacts. The differential longitudinal resistance is measured at a frequency of 77 Hz in the linear regime. Direct electric current (dc bias) was applied simultaneously with ac excitation through the same current leads (see inset to Fig. 1 ). All samples demonstrate similar behavior. We show data for sample N1 (except in Fig. 4) . Figure 1 shows the longitudinal resistance r xx dV xx =dI as a function of dc bias at temperature T 0:3 K and magnetic field B 0:784 T. This magnetic field corresponds to the Shubnikov-de Haas (SdH) oscillation maximum indicated by the arrow in the top left inset to the figure. For small dc bias the differential resistance decreases approaching zero. As the dc bias is raised further, the resistance exhibits a reproducible sharp negative spike at I th 5:45 A, and then stabilizes near zero. At higher biases I dc > 15 A temporal fluctuations of the differential resistance are observed. The top right inset to the figure shows V xx vs I dc for the same experimental conditions. At I dc > I th the longitudinal voltage V xx stabilizes near a constant value V , in agreement with the behavior of the differential resistance r xx .
Figure 2(a) shows the dependence of r xx on dc bias at different temperatures in a fixed magnetic field B 0:784 T. The transition to the zero-differential resistance state is observed at temperatures below 4 K. At higher temperatures the differential resistance, although quite small, does not undergo a transition to the zero-differential resistance state. A possible reason for this behavior is that the nonlinear response to dc bias is much weaker at higher temperatures due to increased electron-electron scattering [12, 17] . The weaker nonlinearity thus requires stronger dc bias for the same nonlinear change of resistance. The higher dc bias induces more interlevel scattering [15] [16] [17] [18] [19] , increasing the longitudinal resistance.
The density of electron states is highest at SdH maxima and the high density of states enhances electron diffusion in energy space (spectral diffusion) providing a strong nonlinear response to the dc bias [12, 17] . Figure 2(b) shows r xx versus dc bias for different magnetic fields corresponding to SdH maxima. At T 2:16 K the transition to the zero-differential resistance state occurs at magnetic fields above B 0:4 T. At lower magnetic field the differential resistance reaches a minimum positive value at a dc bias I min . The resistance r min increases with decreasing magnetic field [17] . This behavior can be attributed to several effects. One is related to the decrease of the modulation of the density of states with energy at low magnetic fields due to the overlap of Landau levels. The weak modulation of the density of states results in more uniform diffusion in energy space, causing a reduction in the magnitude of the oscillating nonequilibrium distribution function and the nonlinear conductivity [12, 17] . Another effect is the increase of the (bias induced) inter-Landau level scattering due to the decrease of the Landau level separation at low magnetic field [15, 19] . Thus, a transition to the zero-differential resistance state occurs when there are substantial modulations of the coefficient of the spectral diffusion, weak electron-electron relaxation, and small interlevel scattering.
The longitudinal voltage V xx is plotted as a function of I dc in Fig. 3(a) for different temperatures in a magnetic field B 0:784 T corresponding to a SdH maximum. V xx depends strongly on temperature. As noted earlier, the transition to the zero-differential resistance state occurs for temperatures below 4 K, where V xx tends toward a constant value V at sufficiently high currents I dc . The value of V at high bias varies with temperature above 2 K and tends toward a value that is independent of temperature below 2 K. The V xx ÿ I dc curves in Fig. 3(b) taken at magnetic fields corresponding to different SdH maxima indicate that the longitudinal voltage V also varies with magnetic field. At very high dc bias the interlevel scattering becomes important and the system returns to a state with positive differential resistance. This is shown in Fig. 4(a) .
To the best of our knowledge, the zero-differential resistance state is a new, strongly nonlinear state of 2D electron systems under dc bias in high magnetic field [20] . The state is not observed in recent studies of highly mobile electrons [16 -18,21,22] . A possible reason is that in our lower mobility samples the stronger transport scattering 1= tr stimulates more effective spectral diffusion and, therefore, stronger nonlinearity [12] . This point is also supported by recent experimental observation of the microwave induced ZRS in low mobility 2DEG [23] . Thus, very high-mobility samples may not exhibit the strongest nonlinear response.
There are several theories [7,11,24 -26] that have analyzed the stability of nonequilibrium 2D electron systems in magnetic field. In this Letter we use the approach developed by Andreev et al. [7] . Assuming the local relationẼ J 2 J between electric fieldẼ and current densityJ and taking into account continuity and Poisson's equations, the stability conditions were found to be [7] :
where xx is longitudinal resistivity and 2fd xx J 2 =dJ 2 g. In our case the longitudinal resistivity is positive xx > 0 at the transition. To analyze the second condition for stability [Eq. (2) Thus, according to Eq. (2), the 2D electron system is unstable at negative differential resistance, r xx < 0. Our experiments demonstrate there is a transition to the zerodifferential resistance state at r xx 0, in complete agreement with this theory [7] . We note also that the stability condition r xx 0 is quite general and has been used to analyze a broad set of instabilities, in particular, the Gunn effect [27] .
It is known from the Gunn effect [27, 28] that the instability of the homogeneous state at r xx < 0 leads to the formation of electric domains moving through the sample. Possible 2D domain structures have been considered recently [11] where the electric current and the Hall electric field are bistable. In the Hall bar geometry, two parts of the sample carry stable currents I 1 and I 2 with the same longitudinal voltage V as shown in the Fig. 4(b) . The horizontal boundary between these two regions must carry additional electrical charge, as the Hall electric field E H changes in a steplike fashion across the boundary. Because of the presence of the longitudinal electric field E x V =L (L is the distance between potential contacts) the electrically charged boundary is not stationary and propagates across the sample with velocity v y E x B=B 2 . Thus, the electric current It oscillates in time with an average value equal to the dc bias: hIti I dc . At the same time, the longitudinal voltage V xx is independent of the dc bias I dc and is determined by the rule of equal areas [A 1 A 2 , see Fig. 4(b) ] [28] .
In summary, a zero-differential resistance state r xx 0 is reported in a two-dimensional system of electrons above a threshold value I th of dc bias I dc in strong magnetic fields at low temperatures. The transition to this state is accompanied by a sharp dip of the differential resistance. Temporal fluctuations of the longitudinal resistance are observed for I dc > I th at the lowest temperatures. We suggest that the quasistationary nonlinear electron state forms due to local instability of the electric current at r xx < 0. The instability is stimulated by strong spectral diffusion of 2D electrons induced by the Hall electric field. This suggestion is supported by an analysis of the stability of 2D electron systems in a magnetic field.
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